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Project Overview

Venkat Srinivasan (Argonne National Laboratory)and Samuel Gillard U.S.Department of Energy)

The U. S. D e p a r Offneaf EnergyfEfficdiency and) Bedesvable Ene(YDE-EERE) has

identified fast chargé with a goal of 15min recharge timé as a critical challeng® pursuen ensuring

mass adoption of electric vehicles. Presden highenergy cells with graphite anodes and transition metal
cathodes in a liquid electrolyte are unable to achievanbisicwithout negativelyaffecting battey
performanceThere are numerous challenges that limit such extreme fast charging at the cell level, including
Li plating, rapid temperature rise, and possible particle crackihithese, Li plating is thought to be the

primary culprit.This project aimso gain an understanding of the main limitations during fast charge using a
combined approach involving cell builds, testing under various conditions, characterization, and centinuum
scale mathematical modelingxpertise fromfive nationallaboratoriesis utilized to make progress the

eXtreme Fast Charge Cell Evaluation of Lithiiom Batteries (XCEL) project

Cells are built at the Cell Analysis, Modeling, and Prototyping (CARH]lity at Argonne National
Laboratory(Argonng using various carborenddifferent cell designs, in both haiell and fullcell
configuratiors and with reference electrod€3ells are tested at both Idaho National dvattory(INL) and
Argonneunder various operating conditiorssq., Grate, temperature) and undkfferent charging protocols
with the aim of identifying the onset of plating, quaritifythe extent of the problem, an@termiring
parameters and test data for mathematical modéks. testing,cells are openednd various advanced
characteriationsareperformed at Agonneto determine the extent of plating and to determihetherother
failure models, such as patrticle cracking, also play a role.

A critical part of the project is the use of continusnale mathematical modede XCEL participants an
understand the limitations at high charge rates thedefore suggest possible solutions that can be pursued.
Both macrescale approaches and microstructbased simulations are pursued and serve to complement each
other.Macromodeling atheNationd Renewable Energy Lalbatory(NREL) is used to test cell designs,
accompanied by microstructure models to provide deeper insights irgtettechemicaphenomernin the
battery.This effort is complemented with development of models incorporating rmewsigs, such as phase
change andolid-electrolyte interphasgrowth, at Agonne

Two exploratory projects aim to study ways to detednLsitu during operationNREL is pursting the use of
microcalorimetry to detect heat signatures during platig.is working with Princeton University to
examine the use of acoustic methods to determimatherplating leads to a signature in the acoustic signal.

Finally, the SLAC National Aceleratory Laboratory is usirgynchrotron Xray methods to guidiaecell
design and charging protocols of extreme-&sirgingLi-ion battery cellsand Lawrence Berkeley National
Laboratory(LBNL) is investigatinghe initial onset of Li plating durinfast chargingand deeloping a
strategy to detect it.



XCEL R&D: CAMP, Testingosttest Characterization, and Modeling
(Argonne National Laboratory)

Contributors: Alison DunlopAndrew Jansen Dave Kim, Bryant Polzin, and Steve Trask (Argonne)
Introduction

TheCell Analysis, Modeling, and PrototypinGAMP) Faci | ity continues to suppor
objective ofidentifying and mitigatingcauses ofithium plating at fast charge (>4@®) singlelayer pouch

cells. Efforts infiscal year FY) 2018 demonstrated that the choice in graphite did not significantly affect the
ability to cycle under fast charge conditions (6C charge, C/2 discharg#)six of the selected graphites were
able to achieve 750 cycles with 80% capacity retentiongus?amAh/cm?2 graphite loadingA decision was

made to use SLIG06T grphite from Superior Graphite as the baseline graphite material, and NMC532 as the
baseline cathode materiMore than70 singlesided singlelayer pouch cells were fabricatedthe Found 1

cell buildusing a 2nAh/cmz graphite loadingnd delvered to lab partners (INL, Argonnand NREL) for
fastcharge testing with a nominal capacityl® mAh Prescreening of anoaathode pairs with varying

electrode capacity loading indicatedtth@adinglevels above~2.5 mAh/cm?2 were not able to charge at a true

6C rate. Thus, the next pouch cell build was designed with a graphite loadingroAB/&m2 A total of 48 of

these Round 2 pouch cells were delivered to Argonne, INL, and NREL forgteBhese two cell builds are

now considered the baselines for the XCEL Program.

Objectives

The goal of the FY2019 work is to explore methods of preventing lithium plating via modificatiotise
electrode architecture. Ideally, the negative andtipestlectrodes should have low tortuosity to enable fast
lithium ion transport to and from the active material closest to the current collector, while maintaining low
porosity to maintain high energy densilly.addition,the CAMP Facility will support tie DOE-EEREVTO

FOA and Lab Call projestandteams that are focused on developing methods of detecting lithium plating.

Approach

In FY 2018, theCAMP Facility developed two singiayer pouch cells to benchmark the fast charge
capabilities of dypical lithium-ion battery, with the main difference between the cells being electrode loading.
These two electrode/cell designs will be used as the baseline designs for this progra?2@i8.Fihe details

of the two cell designs are as follows:

Round 1pouchcells were assembled with 14.1 cm? singjided cathodes (0.145 grams of NBB2 per pouch

cell) and 14.¢m? singlesidedgraphiteanodegSLC1506T from Superior Graphite) using Celgard 2320

separator (20 um, PP/PE/PP) and 0.5 mL of Tomiyama 1..#P%liL n EC: EMC (3: 7 wt %) fAGen
for an electrolyteto-porevolumefactor of [tbd] The n:p ratio is betweeh 12 to 1.2%or this voltage window

(3.0 to 4.1 V). After assembly, the pouch cells underwent formation cycles at ~4 psi in the 8.8V

window as follows1.5V tap charge and holidr 15 mirutes followed by a 12hour rest, and thethreecycles

at C/10, followed byhreecycles at C/2. The cells were then brought to a safe state of charge by constant

voltage charging t8.5V for 6 hours, and then degasseadd prepared for shipping/delivery to the battery test

labs. A nominal C/3 capacity of ¥8Ah was recommeret for futuretess.

Round 2pouchcells were assembled with 14.1 cm? singjided cathodes (836 grams of NMG32 per pouch
cell) and 14.¢m2 singlesidedgraphiteanodeq{SLC1506T from Superior Graphite) using Celgard 2320
separator (20 um, PP/PE/PP) &h€@15mL of Tomiyama 1.2 MLiPFi n EC: EMC ( 3: 7 wt %) 0 Ge



electrolytefor an electrolyteto-pore volume factor of 4.20The n:p ratio is betweeh07 to 1.16or this
voltage window (3.0 to 4.1 WFigure 1 details the electrode composition and design parameters for the
Round2 electrodesThe formation process was the saméteg usedn assemblig theRound 1 cells. A
nominal C/2 capacity of 3@Ah was recommend for fututess.

Anode: LN3107-190-4A Cathode: LN3107-189-3
91.83 wt% Superior Graphite SLC1506T 90 wt% Toda NMC532

2 Wt% Timcal C45 carbon 5 wt% Timcal C45

6 Wt% Kureha 9300 PVDF Binder 5 wt% Solvay 5130 PVDF

0.17 wt% Oxalic Acid Matched for 4.1V full cell cycling

Prod:NCM-04ST, Lot#:7720301
Single-sided coating, CFF-B36 cathode

Al Foil Thickness: 20 pm
Al Foil Loading: 5.39 mg/cm?

Lot#: 573-824, received 03/11/2016
Single-sided coating, CFF-B36 anode

Cu Foil Thickness: 10 pym

Total EleCt.rOde ThICkneSS: 80 pm Total Electrode Thickness: 91 pm

Total Coating Thickness: 70 pm Coating Thickness: 71 um

Porosity: 34.5 % Porosity: 35.4 %

Total SS Coating Loading: 9.94 mg/cm? Total Coating Loading: 18.63 mg/cm?

Total SS Coating Density: 1.42 g/cm? Total Coating Density: 2.62 glem®
Made by CAMP Facility Made by CAMP Facility

Figure 1. Electrode composition and design parameters for RoundBatch 1 pouch cell design.
TheRound 1 electrodes weranade with the same composition buhad less mass loading (and thickness).

Results

(1) Fabrication of Lithium Iron Phosphate [LFP) and Nickel-ManganeseCobalt (NMC)
Pouch Cells for CrossTalk Study

A study is underway at Ar gonne-ttad ekghteat(sdionmetal @oss he ef f €
over) during fast charge. Ideal cathode electrode choices in thisveéudyletermined to be lithium iron

phosphate (LFP) and NMC532akRidge NationalLaboratoryesearchergolunteeredo coatthe LFP

electrode based on theiriqr experience working on this electrode system. The LFP cathode was made with a

loading to match the XCEL Round 1 anode baseline. The CAMP Facility fabricated, formédemand

delivered 8 LFP singlayer pouch cells (xx3450 format) and 8 NMC532 sidglger pouch cells to

Ar g o nEteetréckemical Analysis and Diagnostics Laborat&#&DL) and PosfTest facilities for

electrochemical testing and pdest analysiskigure 2 showshte voltage profiles during formation for a

typical pouch cell of LFP andMIC532, andhe photoin Figure 3 showshe pouch cells deliverdaly the

CAMP Facility.
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Figure 2. Typical voltage profiles during formation of LFP vs. graphite (left) and NMC532 vs. graphite (right) dayge
pouch cells fabricated and formed bthe CAMP Facility for crostlk study during fast charge.
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Figure 3. Photo of the LFP and N&632 singlelayer pouch cells for transition metal crostalk study
that were fabricated and formed by the CAMP Facility and delivered to Argdnse EADL
for cycling and postest analysis.

(2) Development of Structured Graphite Electroded Freeze Castng by LBNL

Freeze casting of the negative electrode is a unique method to create an electrode structure with very low,
almost ideal, tortuosity.BNL has this capability and has agreed to create electrode samples using the
SLC1506Tgraphite material, whithas beersent to thenby Argonne Earlier in FY2019, LBNL was able to
make a trial coating with the SLC1506T graplaitel affix itonto copper foil, which they then sent to Argonne
for testing. While this electrode had ngmarfect tortuosity with strght electrolyte paths to the copper current
collector, its high porosity and low mechanical robustness needed to be improved. Argonne provided LBNL
with suggestions to improve the binder composition and slurry mixing pradéNs. successfully created a
second trial batchwhichwaspr ovi ded t o Argonneds CAMP Facd lity
shows the porosity and mechanical strength were significantly improved.

or



A comparison of the electrode properties is made in Table 1. Coin cells weretdad with 13nm-diameter
LBNL freezecast graphite electrodes versus lithium metéh(a15.6mm diameterusingthe Celgard 2320

separator (20 um, PP/PE/PP) and Tomiyama 1.2 MdiiPk EC: EMC (3: 7 wt %) fAGen20

duplicate coircells were made and were then cycled in3lieto 4.1V window with threeformation cycles

at C/10, followed by a rate performance test at C/10, C/5, C/2, 1C, and 2C delithiation and C/10 or C/5
lithiation cycles. The initial capacity of this second batch of fremt electrodes was very similar to the
capacity of the first batch and the baseline XCEL anodes. Unfortunately, despite the improved mechanical
properties, this second batch suffesexhpid capacity fade the reason for which is being explored further.

Figure 4.Scanning electron microscopySEM imageof the surface of first trial (left) and second trial (right) freezeast
electrodes from LBNL made witthe SLC1506T graphite.

Table-l: Comparison of Anode Formulations.

Total Total Total
Electrode Bare Cu Coating Coating Coating
Superior Graphite 1506T Thickness  Thickness  Thickness Loading Density  Porosities
Electrodes (um) (um) (um) (mg/cm2) (g/cm3) (%)
LBNL Freeze Cast | 300 15 285 12.8 0.34 ~80.0
LBNL Freeze Cast Il 127 10 117 11.7 0.998 ~58.3
AA015 (XCEIR1) 57 10 47 6.38 1.36 ~37.4
LN3107-190-4A (XCEIR2) 80 10 70 9.94 1.42 ~34.5

(3) Pressure Study

The effect of pressure on the formation of lithidendrites during fast charge was investigated in a scoping
experiment using singliawyer pouch cells with Round 2 electrodes. Initial concerns centered on the label
applied to the cells causing a pressure high spot on the center of the cell duringtbhgtlooyld favor the
formation of dendrites. In this study, the label was removed and four randomly selected plastic letters were
located across the face of the pouchsgelhich werethen mounted in a pressure fixture. It is estimated that
the pressurender the letters would be near 60 psi (typical testing pressseel in the XCEL Program are

near 4psi). Three cells were cycled at a 6C charge rate (after formation): the first was cycled for 250 cycles,
the second for 5 cycles, and the third for 1 eydlhe cells were disassembled and the anodes were visually
inspected for signs of atypical lithium plating. These results are best summarized in the photos depicted in
Figure 5.

e



Figure 5. Photographic summary of pressure study scoping test for Roundaigh cells. From left to right: letters
used to apply pressure, anode after 1 fast charge, anode after 5 fast charges, and anode after 250 fast charges.

It is clear that lithium plating can occur during the first cycle. While it does appear that the letters do leave an

image on the plated lithium surface, thésult occurs becausdiee lettersarepressing the mossy lithium

surface into a flat shiny surfacTo prove this point, the letters were physically presstalhtank sections of

the plated lithium surface to leave identical images. fidgaltcan be seen in the photo for the anode cycled

for 5fast charges in Figure(hird fromlefft The cat hodes were | aTeser suppl i ec
Facility for further analysis.

Conclusions

The CAMP Facility successfully fabricated sindggrer pouch cells using LFP and NMC532 cathodes for the

crosstalk study. These cells were formed amdldi ver ed t o Ar g oTestEadilgsiestbrADL and Poc
testing and analysis. The second batch of freeat anodes from LBNL were tested. A scoping study on the

effects of applied cell pressure indicates that pressure has a minor influence on lithinugn Atain the

previous quarter, the CAMP Facility continued to support several fast charge teams this quarter by supplying
requested@wders, et ct r ode sheets, and pouch cell s-int Maneyp dfort h
beamtime experiméns at Ar gonneds AdvLBMLcTechnicBlldaiatandrelecBachemicat a n d
resultswere provided to all team members as nee¢dedd in their experiments and modeling efforts

Key Publications

Tanim, Tanvir, Eric Dufek, Michael Evans, CharlesdRerson, Andrew Jansen, Bryant Polzin, Alison Dunlop,
Stephen Trask, Ryan Jackman,Blaoom, Zhenzhen Yang, and Eungje Lee,
for Lithium-ion Battery: Variability and Positive Electrode Issigesjbmitted tal. ElectrochemSoc.

ColclasureA.M., A.R. Dunlop, S.E. Trask, B.J. Polzin, A.N. JansamdK . S mi t h, iRequirement

Enabling Extreme Fast Charging of High Energy Densithlo n Cel | s whi l e Avoiding Li
J. Electrochem. So0d.66(8) A1412 A1424 (2019).
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XCEL R&D: Extreme Fast Charging (National Renewable Energy Laboratory)

Contributors Matthew Keyser, Kandler Smith, Shriram Santhanagopalan, Francois Usseglivetta,
Weijie Mai, andAndrew Colclasure (NREL)

Background

This report summarizeSRELG #hird quarterwork in FY 2019in five areas:

Macro-homogeneous modeling updates

Simulation ofmicrostructureheterogeneities

Electrolyte characterization and modeling of interfacial behavior

Electrode architecture optimization with secondary pore network (SPN)
Measurement of graphitdectrode and NMC polycrystalline heterogeneities

arLdE

Through electrochemical transport/reaction modeling at several different length scales, NREL is exploring how
to best design electrodes for fast electrolyte transport and to minimize degradation amcolighiing. Macre

scale models rank the relative benefits of how much charge batteries employing different design/thermal
control strategies can accept at the 6C constant current rate. One of the compelling strategies is to introduce
secondary pores intoatelectrode to provide fast channels for throepgine electrolyte transport. ivo-
dimensional ZD) mesoscale model explores this design space. Microstructure models explore the role of
different microstructures in suppressing the Li plating side reactexperiments and modeling are underway

to improve understanding of electrolyte interfacial behavior at extyemgh salt concentratiolevels(5 M

versts the typical 1.2 LiPF6 in solvent). Data analysis is being performed on previous diagnostic
expeiments that measured graphite electrode sihttharge heterogeneity operandaat the 6C rate, as well

as microscopy that resolved the polycrystalline architecture of NMC particles responsible for fracture under
high Grates.

Results

(1) Macro-homogeneous Model Updates

NREL continues to refine its maelmmogeneous electrochemical model as new data become available from
the XCEL team. The addition of multiphase graphite transport is underway. Initial comparisons have been
made to beamlin¥-ray diffraction (XRD) data that resolve Li concentrations across €100 el ect r ode
thicknesdn operandaluring 6C charging. Initial comparisons are reasonlgeever secondary effects are
presentand the team is working to further understand tlech decouple resultant signals in the data. For
instance, lithium plated during the first 6C charge event appears to block (de)intercalation on subsequent
discharge and charge events of the electrode. Separately, NREL has added Li plating reactiauéb #sdn

is working withthe University ofCalifornia at Berkeley to compare predictions of plated Li to their Rdund
coin cell experiments. In those experiments;Bi&keley followed electrochemical cycling with destructive
tests in whictgraphite electrodes are injected with water in affrag environment and the amount of

hydrogen gas evolved is measured via masdrgeopyand correlated with dead lithium. FiguBeshows
example modeling results. At the 4C rate, the model predi@@®fMoles plated Li versus 2,500 nMoles
measured during experiment after thied cycle. Li stripping will be added to the model to further refine
predictions and improve agreement.
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Figure6. Simulation predictions of Li plated aftethree cycles
of fast charging of Round 1 cells at various-fates.

(2) Simulation of Microstructure Heterogeneities

Electrochemical performance under fast charge is strongly correlated with microstructure architecture and
particle morphology. In order to quickly invegditethe geometries ofarious electrode microstructures and
reduce expensive experimental imaging, NREL developed a 3D microstructure generation algorithm in
MATLAB. The resulting geometri es ar escdleteleatroasnicahul at ed
model to investigate strategies to suppress Li plating. The model inditatparticle alignment and dual

coated bilayer electrode architectures are two strategies that can significantly delay lithium plature Trig
Particlesize heterogerity should be limited as it induces an earlier lithium plating compared with unimodal
particlesize distribution. A first journal article, focused on the numerical side of the electrochemical model, is
soon to be published. In addition, NREL is continuimglevelop an opesource microstructure analysis

toolbox (Figure8), which covers a wide range of microstructuetated numerical analysis relevant for

different heterogeneous materidith{um ion batteriesl[IBs] and fuel cell electrodefor instancg The code,
embedded in a usdriendly, graphi@l userinterface, is planned to be published in 2019. In addition, the tool
has been used to investigate LIB electrode particle morphology and pore topology and their irtfgact on
tortuosity factor (and s on ionic transport limitation under fast charging). A second journal article is under
preparation.
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» Dual/graded coatings have higher tortuosity
» ... but small particles near separator reduces
surface overpotential & delays plating
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(3) Electrolyte Characterization and M odeling of I nterfacial Behavior

With screening of new electrolyte candidates for fast chéngégcal concentration of charge carriers within

the electrolyte and its implication on impedance buildup are important factors to consider. For instance, using a
5M solution of LiPF6 in the Ge2 solvents to boost transport properties under a 6C charge rate results in steep
gradients in the salt concentration across the intenveaeh, in turn, results in surface energtasatdiffer

from the typical GefR electrolyte recipe. In the last qter, we used wetting speed measurements to quantify
these differences in different solvents and salt concentrations. In electrolyteshigltter dielectric constant,

these changes are more pronounced (implying additional surface impedance at higmératmns). These

results were incorporated into the mabimnogeneous electrochemical model as a surface energy correction
term to the exchange current density in the rate expression. Next steps ({Aygegorming case studies

using the model to obtaiupper and lower bounds on electrolyte wetting (and hence viscosity) to maintain
adequate transport while minimizing interfacial resistance budéthap( down-selecting electrolyte

compositions with the best likelihood of reaching target properties.

(4) ElectrodeArchitecture Optimization with SecondaryPore Network (SPN)

Extreme fast charging of higbnergy thick electrodes is significantly limited fpyor electrolyte

transportation, which can be alleviated ky (singan electrolyte with improved transport properties,

(2) increasinghe charging temperaturer (3) using electrodes with advanced architeuRREL has

developed a diffusioonly anaytical model as well as a multiphysics numerical model to investigate the effect

of secondary pore networks (SN t o provi de a fast transport Ahighway
direction. The analytical model serves as a prescreening tool of tlie&igyn parameters of SBENThe

numerical model further refines the design space ofs$sNncorporating nonlinear material properties of a
graphite/NMC532 cell. Adopting the cell energy density after 6C constangént charging as the optimization

objedive, the numerical model predicts that 3RiXe most effective when both the secondary channel and the

porous matrix are narrow, such that a higtume fraction of SPhlcan be used to boost througlane

diffusion without adversely affecting the-planediffusion. Combining elevated charging temperature345

with optimal SPN design, the model shows that the volumetric discharge energy densisshéct2 cell

can reach 270 Wh/L after a 6C constautrent chargingFigure 9) A series of papersnNREL 6 s f i ndi ngs
the effect of SPEare under preparatioh.

Volumetric energy density Wh/L
300

SPN
SPN

Separator

Cell loading (mAh/ecm”™)

SPN
SPN

Ee tot

Figure9. (left) Schematic of secondary pore network (SPN)
and (right) maximum achievable volumetric energy density
of a graphite/NMC532 cell with various cell loadings
and electrode porosities at 453 .

12



(5) Measurement of Graphite Electrode and NMC Polycrystalline Heterogeneities

High-speed and highesolution XRD was carried out along the depth of a graphiteretiectiuring fast charge

(6C) and discharge (2C). We have quantified the evolving gradient of state of charge (SOC) as a function of
depth and time, and have identified the formation of Li plating. We have found that Li plating develops as a
function of deph, with the highest quantity being observed near the separator and reaching up to 15 pum below
the surface of the electrode. We observed severe underutilization of the electrode with regions close to the
current collection not receiving any lithium at @asshownin Figure 10 at depths >80 pm. Our ongoing work
involves relating the formation of Li metal with the rate of formation of the fully lithiated LiC6 phase to
determine whether there is a correlation. We are also investigating the reversibiigy oflating by

guantifying the change in Li signal over many cycles at different rates.

We have started a project that aims at developing an experimental and analysis toolbox that can quickly map
out the distribution and orientations of subparticle tadygrains in cathode materials such as NMC. Electron

back scatter diffraction (EBSD) can map out the orientation of grains from cross sections of NMC particles as
shownin Figure 10. We have created a software that reads the EBSDidatuifies grains, segments the

grains and their grain boundaries, quantifies the shape and size of the grains, and quantifies the distribution of
grain orientations. We have observed that the NMC532 particles have grain structures that are suboptimal for
lithium transport. The distribution and orientation of grains leads to a subparticle tortuosity and lithiation
heterogeneity. We are currently refining our analysis method and are attempting to extend this analysis to 3D
with 3D EBSD datasets. In FX020, this geometry will be applied in a fully resolved NMC primary/secondary
particle model describing Li transport, mechanical stress, fraendecracking under fast charge.

Figure10. (left) In operandomeasurement of local graphite SOC using XRD
and (right) mapping of NMC anisotropic polycrystalline architecture using EBSD.

Conclusions

The macrehomogeneous model was updated with multiphase graphite transport behavior guiatiadiside
reaction. Initial comparisons were made to dartal a Listripping reaction will be added in the next quarter. A
series of two journal articles are being prepared onsSEbdimbining elevated charging temperature 46
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